An implicit non-linear finite element model for simulating biological muscle mechanics is developed. The numerical method is suitable for dynamic simulations of three-dimensional non-linear nearly incompressible hyperelastic materials that undergo large displacements and deformations. These features characterize human and animal muscles, which consist of fibers and connective tissues. It can be assumed that the stress distribution inside muscles is the superposition of stresses along the fibers and the connective tissues. The mechanical behavior of the surrounding tissues is determined by adopting a Mooney-Rivlin constitutive model, while the mechanical description of fibers is considered to be the sum of active and passive stresses. Due to the non-linear nature of the problem, determination of the Jacobian matrix is performed, in order to utilize the standard Newton-Raphson iterative procedure, and time integration is accomplished via the implicit Newmark method. The proposed methodology is validated by comparing our numerical results with experimental measurements and other numerical results. Numerical simulations for large deflections of octopus arm muscles are carried out with our open-source finite element software. 
Further developments in muscle modeling presented by Tang et al. (2007) , where 40 Hill's muscle theory coupled with fatigue was proposed to describe the mechanical 
55
The literature survey demonstrates that active muscle behavior has been mod-56 eled with two main approaches: Hill-type and Huxley-type based models. However, 57 in the present paper, it is assumed that the nominal tensile stress in muscles is 58 derived from the maximum isometric stress, the normalized active level function, The present work was motivated by the OCTOPUS IP 1 project that aims to 
where body forces have been neglected and ρ t is the material density.
89
Proper boundary conditions are considered for well-posing this problem. 
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Substituting the modified generalized Mooney-Rivlin constitutive material rela-
of the Cauchy stress tensor for the connective tissues is obtained as follows
where c 1 , c 2 , are material constants and K the bulk modulus, which for the present 114 analysis assumes high values so that incompressibility is enforced via this penalty-115 like term. 
Muscle fibers material description

117
The main structural components of the muscular system that have active role
118
are the muscle fibers. Due to their contractive properties the muscle contracts 119 and causes muscle deformation. A muscle fiber comprises of parallel bundles of 120 myofibrils, which in turn are divided longitudinally by the Z-discs into sarcomeres.
121
However, a more detailed description of the muscular structure can be found in 122 (Nigg & Herzog 1999) .
123
Consider a uniquely-defined direction vector at every material point of the muscle 124 along the fiber, denoted withn i ,m i at the undeformed and current configuration,
125
respectively. The updated fiber orientation is obtained by:m i = 1 /λ (F ijnj ), where 126 λ = n i C ijnj is the fiber stretch ratio.
127
The nominal strain is defined by the change of length divided by the reference 128 length of the fiber and is given by: ε m 0 = λ − 1. Therefore, the corresponding 129 volume preserving fiber strain tensor can be written as (Liang et al. 2006 ): ε
, while the corresponding Cauchy stress tensor has the form
where the nominal axial stress σ m 0 is defined in terms of the Cauchy true fiber 
The above assumption is based upon the sliding filament theory of Huxley (1957 
where ρ t the current material density,t i the prescribed tractions on S 0 T , δv i an 145 admissible velocity variation that satisfies the condition: 
ijn j .
152
Due to the material and geometrical non-linearies arising to this problem, a
153
proper linearization procedure is needed to facilitate further numerical implemen- 
where
In the above Jacobian matrix K (α,β) ij it is assumed that no follower external forces accounts for the lumped mass contribution, while R
are the external and 
Results
176
In this section, it is presented the dynamic simulation of the squid arm extension 
where the signal peak-value time is set t a = 40 msec. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 to maneuver termination. The final deformed squid arm is depicted in Fig. 1(c) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In Fig. 4 comparison of the deformed shape outline of the frog muscle at max-243 imum activation level on the x-z and y-z planes is shown. In this figure, the ex- (yellow-colour regions).
273
The wet area of the arm is considered traction-free, while the root of the arm 274 is allowed to move on the x-y plane and is fixed at the origin point (0, 0, 0). The 275 applied activation signal for the current simulation is a step function, defined as
where the activation signal peak-value time is set equal to t a =0.5 sec, while t i , t d 278 are the initialization and duration time of the activation function, respectively.
279
As seen in Subsection 3.1, the squid arm extends if all transverse muscles are ac-280 tivated simultaneously. However, in order for the octopus arm to perform a bending 281 maneuver, primarily longitudinal muscles have to be activated (Liang et al. 2006 ).
282
To this end, it is assumed that one subregion (group) of longitudinal muscles is ac-283 tivated uniformly (t i = 0); or it is assumed that the same muscle group is activated features can be easily taken into account within the present formulation.
296
Next, various snapshots of the octopus arm bending procedure are presented in 297 Fig. 7 , where non-uniform activation of one longitudinal muscle group takes place.
298
As expected, the arm deforms slowly and requires more time to bend than in the 
306
The following octopus arm deformation experiment aims at simulating the two 
316
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337
The final octopus arm deformation experiment involves the simulation of an off-338 plane bending arm maneuver. Since circumferential muscles were not taken into 339 account in the present work, one way to achieve torsion to the arm is to enforce 340 the stimulation of two neighboring longitudinal muscular groups by applying a
341
proper time-lag. More precisely, the first muscular group is activated non-uniformly
342
(t i =z) with activation signal peak-value time t a =0.5 sec, as in the first example 343 in this subsection, while the second muscular group is activated non-uniformly 344 (t i =z) but only a small portion along the z-axis of the arm (from the root z =0 345 up to z = 3 cm) is active.
346
In Fig. 10 , various representative snapshots of the octopus arm deformation dur-
347
ing the off-plane bending are presented in successive order until maneuver termi- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
where for simplicity we have removed the inertia domain integral of Eq. 7
389
Inserting into Eq. A1 proper finite element interpolation polynomials, where 390 unknown kernel quantities are interpolated via Lagrange polynomial bases: gradient matrix can be written in the form:
In order to solve the above discrete non-linear virtual work equation using the 
where the Cauchy stress tensor and the deformation gradient determinant J are 400 dependent to that increment.
401
The linearization of the above integral quantities are given below in brief:
with ∂J /∂Fpq = JF −1 qp . Inserting the linearizations of Eqs. A4 and A5 into Eq. A3
403
it is obtained Vavourakis et al.
From Eq. A7, after some algebra, it can be obtained the matrix semi-discrete 407 form of Eq. 8.
408
Appendix B. Tangent stiffness matrix and stress tensor evaluation
409
As discussed in Section 2, the Cauchy stress distribution of biological muscles is 410 considered equal to:
ij . Therefore, it can be safely assumed that the 411 material tangent stiffness matrix in the finite element level is equal to the sum of 412 the corresponding ones of the connective tissues and fibers
The fourth-order material tangent stiffness tensor of the connective tissues can 414 be evaluated analytically, given the corresponding expression of the Cauchy stress 415 tensor (see Eq. 4), and is provided below
where B 2 ij = B ik B kj .
417
For the fiber part, the Cauchy stress tensor is defined as σ
418
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where σ m = σ m 0 (1 + ε m 0 ). The derivative of the fiber nominal stress in respect with 421 the nominal strain ε m 0 is given explicitly
In the previous equation it is assumed that the nominal strain rate is approximately 
425
On the above calculations, the following differentiation identities are utilized:
Working in the same manner, one can derive the material tangent stiffness for 
433
The corresponding fourth-order material tangent stiffness tensor for the Hill mus-
434
cle model of fibers can be evaluated analytically:
ijkl =λ/9 g λ + g δ ij δ kl −λ/3 g λ + g (m imj δ kl + δ ijmkml ) +λ g λ − g m imjmkml + gλ (δ ikmjml +m i δ jkml ) ,
where g = σ 0 ( ∂fPEE /∂λ)+( κ+1 /κ) α β e α(λs−1) and κ a parameter relating the fiber 436 stretch λ with the corresponding stretches of the series elastic and the contractile 437 element.
438
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